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Sirtnmur?,
Low birth weight (LBW) is associated with handicaps, the most prevelant of which affect the brain or its sensory attributes and have a life long impact. We have therefore been interested in nutrition and fetal growth and have studied the relationship between maternal diet and the outcome of pregnancy.
Essential fatty acids arc methylenc-interrupted, polyenoic fatty acids that are required for cell membrane structure, integrity and function. Some 60% of the structural material of the brain and nervous system is lipid and it uses 20-and 22-carbon-chain-length polyenoic acids specifically in sites of signal transduction and high activity (Fig. I ) .
We have been interested in the acquisition of these fatty acids during fetal growth and along with deficits of several nutrients found low intakes of essential fatty acids (EFA) in the mothers o f LBW babies. In order to test this food intake data we have analysed the lipids of the umbilical artery as representative of fetal tissue.
We found surprisingly high proportions of the ti -9 eicosatricnoic acid (20: 3,ri -9) and docosatrienoic acid (22 : 3,ri -9). T h e 20: 3,n -9 is known as the Mead acid and is recognized as a biochemical index of EFA deficiency [ 1, 21. The 20:3,1~-9/20:4,ti-6 ratio has been used as a biochemical test o f general EFA deficiency and the 22 : 5,n -6/ 22 :4, t i -6 ratio as a marker of docosahexacnoic or ti -3 dcficiency. Both ratios were unusually high. Further analysis of 14 babies o f different birth weights produced highly signiAbbreviations used: LBW. low birth weight; EFA, essential fatty acids: t/t ratio. triene/tetraene ( 2 0 : 3 . n -9/20:4.n-6) ratio; 5/4 ratio. 2 2 : S , t i -6 / 2 2 : 4 , t z -h ratio.
ficant Pearson correlation coefficients between birth weights and head circumferences. and these two indices, which were negative. and greater in the cthanolamine phosphoglyceridcs than in the choline phosphoglycerides of the umbilical artery.
T h e ethanolamine phosphoglycerides are inner membrane lipids and therefore the presence of the Mead acid and high lcvels of 22 : 5 , r i -6 are statements about the biochemical history of the individual fetus. These indices may therefore have a diagnostic value as a measure of the nutritional status of the fetus during its growth. Because they describe thc status of fatty acids specifically used for neural tissue growth, this diagnostic tool has a potential, which needs now to be tested, for assessing risk of neural deficits or damage in, for example, LBW and premature infants.
Ititroductiori
Niitritioti and f i . 1~1 growth returdation. T h e incidence of LBW and handicap is highest in the lower socio-economic groups 131 and we were therefore interested in the possible involvement of maternal nutrition. In a study of mothers of low socio-economic status in Hackney, in the East End of London, those mothers whose babies were born below 2500 g had significantly lower intakes of dietary energy 141. T h e major energy component deficit was in fat and a low fat intake implied a low intake o f EFA. Computer analysis o f 7-day weighed food intakes in the first. second and third trimesters confirmed a low intake of EFA in the LBW group IS]. Measurement of maternal plasma phosphoglycerides showed that they had a lower EFA content in mothers who gave birth to LBW babies 161.
EFA und hruiri growth. T h e relevance of EFA in fetal development is that they provide major substrates for biological membranes, and in the human context, this provision is especially important in the brain structural lipid which accounts for 50% or more of its structural material. Deficits of EFA during brain development in experimental animals. have been found to be associated with retarded brain cell division and function [7, In the study of some 42 different species we have found little difference in the composition of the ethanolamine phosphoglyceride fatty acids: the difference between species is in the extent of brain development in relation to body size rather than cornposition which is conserved.
result in impaired development of visual acuity 191, reduction of the docosahexaenoic acid in neural membrane lipids and specific cerebellar damage during its growth spurt [ 101. The brain lipid in all species so far studied contains arachidonic (20:4,n -6 ) and docosatetraenoic (22:4,n -6 ) acids of the linoleic acid ( t i -6) family and docosahexaenoic (22:6, n -3) acid of the a-linolenic acid ( t i -3) family [ 1 I ] and not the parent 18-carbon EFA. Hence this group of 20-and 22-carbon-chain-length polyenoates are referred to as the neural fatty acids (see Fig. 1 ). Membranes in neural tissue involved in signal transmission, such as the synaptic junctions [ 121 and photoreceptors in the retina 1131, employ especially high concentrations of docosahexaenoic acid. In the human species, the placenta makes provision for these long-chain unsaturated fatty acids during brain development by concentrating them into cord blood [ 141.
EFA urid blood flow. The long-chain polyunsaturated fatty acids also act as precursors and regulators of eicosanoid synthesis and function [ 151. In particular, arachidonic acid is the precursor for prostacyclin which is involved in the regulation of blood flow and prevention of platelet adhesion [ 161. Ongari ef ul. [ 171 reported a negative correlation between prostacyclin synthesis in the human umbilical artery with the EFA status of the artery. using the presence of the t i -9 eicosatrienoic acid (20:3,n-Y) its an index. If true, this would be a most unusual finding because 20: 3 , n -9 is rarely seen in amounts of more than 0.1%, of the fatty acids in membrane lipids, although it is a feature of pathological EFA deficiency 121.
The long-chain EFAs are components of fetal brain growth and are also involved in vascular growth and integrity [ 15, 16, 18, 191. The placenta is basically a fast-growing de novo vascular system with a high content of arachidonic acid in its membrane lipids [ 141 on which it will therefore depend for endothelial prostacyclin synthesis and membrane growth. Hence it is possible that the lower dietary intakes of fat and EFA in the LBW mothers 151 could impair placental function and development. This possibility is supported by the correlation between placental weight and birth weight 1201 and the data of Ongari ef nl. [ 171 describing reduced prostacyclin synthesis in the umbilical artery. We thcrcfore studied the umbilical artery as a model of placental and fetal vascular status.
Preliminary analysis of placental tissue from the LBW babies did not provide the same strength of information as the umbilical artery. There are at least three reasons for the placenta being a less suitable marker of fetal nutrient status. First, the placenta grows before the fetus which does not begin to express any quantitative demand until some 20 weeks into the pregnancy. Secondly, there are several precedents for conservation of composition before sacrifice in growth (eg. the conserved composition o f the brain [ 1 1 I ) .
Thirdly, placental infarction could have a dramatic effect o n nutrient flow to the fetus with little effect on placental mcmbrane composition away from the site of the infarction. We therefore felt a direct analysis of fetal tissuc would be the most rewarding.
Meth0d.s
The umbilical arteries were collected after Caesarian scctions to avoid trauma on 14 mothers at the Homerton Hospital from the same population in Hackney which we have previously described [4, 51. The mean age of these mothers was 29.6 years (range 2 1-40 years). Retrospective diet histories were taken on each of these mothers. These and social histories of the mothers confirmed that they were from the same social setting as those from the larger food intake/ cord blood study done previously [4-61. The babies were all born within 8 days of their expected term date.
Sections of umbilicus were stripped of accessory tissue leaving a vessel consisting of intima, adventitia and media.
The lipids were extracted from umbilical tissue using chloroform/methanol ( 2 : l ) as described before [ 111. The fatty acids determined as their methyl esters by gas-liquid chromatography using polyethylene glycol adipate ( 10%) and capillary (50 m x 0.22 mm inner diameter CP Sil 88) columns, following a Folch extraction and separation o f the phosphoglycerides by thin-layer chromatography as previously described [ I 11. The identity of the Mead acid ( 2 0 : 3.11 -9) was established by a combination of several techniques: retention time on capillary gas chromatography. co-chromatography with the trienoic fatty acids (isolated from EFA-deficient rats), argentation thin-layer chromatography. reduction to a 20-carbon saturated fatty acid on catalytic hydrogenation, and oxidative cleavage to a 9-carbon monocarboxylic acid by periodatc-permanganate.
Kcs1c Its
We had a wide birth weight range from 820 g to 4310 g. This was associated with a wide range in the levels of the 2 0 : 3.11 -9 and its elongation product 22 : 3 , i i -9, the sum of which fell in the range 2.9-10% of the fatty acids in the cthanolamine phosphoglycerides (Table 1. Fig. 2) .
During the course o f the study, a pair of non-identical twins were born of widely different birth weights. T h e higher triene/tctraenc ( 2 0 : 3 , i i -9 / 2 0 : 4 , i 1 -6 ) (t/t) ratio and lower EFA proportions in the growth-retarded twin (male, 820 g) compared with thc larger twin (female, 1855 g) (Fig. 2 ) suggested that these signals were specifically related t o fetal growth retardation. T h e smaller twin was morphologically normal and there was no evidence of a fctal causc o f growth retardation; hence the difference in size is most likely to have been of placental origin.
Statistical analysis of the data from 14 births showed that the Pearson correlations with the levels of the individual fatty acids in the ethanolamine and cholinc phosphoglyceridcs were positive for arachidonic (20:4,11-6 ) and docosahexaenoic ( 2 2 : 6 , i 1 -3 ) acids, whilst the correlation coefficients for the Mead acid ( 2 0 : 3 , i i -9). palmitic acid and stearic acid were negative. However, the coefficients for palmitic and stearic acids were not statistically significant (Table 2 ). T h e coefficients for the Mead acid wcrc higher than those for either arachidonic or docosahexacnoic acids in both ethanolamine phosphoglyceride and choline phosphoglyceridc fractions as relatcd t o either birth weight o r head circumference.
The correlation coefficients for thc t/t ratio and thc 2 2 : S . i i -6/22:4.11-6 (5/4) ratio were strongcr than the coefficients for individual fatty acids ( Table 2 and Table 3 ). The Pearson coefficients were significantly higher in the T h e data presented are for umbilical artcries of babies of different birthweights to illustrate thc opposite relationships bctwecn the 11 -6 and 11 -3 cornpared with the 11 -9 polyenoic fatty acids with birth weight. Birth weights: m, 820 g; PJ, I855 g; m, 3232 g. l h e first two ( 8 2 0 g and I855 g) are from non-idcntical twins. Table 3 . Regression of birth weight and head circumference with indices of EFA status in cord arteries
The indices of EFA deficiency were negatively correlated with birth weights and head circumference. The relationship with the long-chain EFAs was positive and with the saturated fatty acids was negative. Levels of significance reported are for the two tailed t-test. Again the strongest correlations were found for the ethanolamine phosphoglyceride fraction.
Pearson's ethanolamine phosphoglyceride compared with the choline phosphoglyceride fraction (Table 3) . Holman has suggested the 5/4 ratio as a useful index of a specific n -3 deficit [21] . Our own data in capuchin monkeys [ 2 2 ] and chickens [ 101 confirm the use of this ratio as diagnostic of a deficit of docosahexaenoic acid. T h e 5/4 ratio also produced negative correlations with birth weight and with head circumference (Table 3) . Although the numbers in this study are small, birth weight range happened to be large and the correlations of both birth weight and head circumference with these ratios are strong.
T h e lowest birth weight of 820 g and head circumference of 25.5 crn was associated with the highest ratios and individual values for the Mead acid and its elongation product in the umbilical arteries (Table 1) . However, both the t/t ratio and the proportion of Mead acid exceeded levels that would be expected in normal human tissues by a considerable margin. T h e lowest proportion of 20:3,12-9 was 1.85% in the ethanolamine phosphoglyceride and 1.74% in the choline phosphoglyceride. Usually, one expects to find t/t ratios of less than 0.1. In this study the range was from 0.07 t o 0.59. The 5/4 ratio would usually be expected t o be less than 1 .O; that is there would be significantly less 22:5,t1-6 than 22:4,1i-6, and although no usual mean value has been determined, a value of 0.2-0.5 would be expected. In this study the ratios in the ethanolamine phosphoglyceride ranged from 0.4 to over 2.0.
It is worth commenting that the t/t ratios have been calculated on the basis o f arachidonic acid and the Mead acid only. If further studies are undertaken, it might be worth considering testing the value of using the sum of the I I -9 fatty acids. Whilst the largest proportion of Mead acid in this study was 6.4% in the ethanolamine phosphoglyccride fraction, the sum of the two largest proportions of 20:3,1i-Y +22:3,ti-Y was 10%. The disadvantage of this approach is that the margin of error in quantifying fatty acids isgrcatest in those of small peak area (i.e. 2 0 : 3 . ti -9).
Disc~itssiori l l i i~h i~t~i c c i l
sigtis oJ ti -6 utid ti -3 deficits. In a deficiency of 11 -6 fatty acids, the desaturation of oleic acid provides the Mead acid [ 1 ] and docosatrienoic acid (22 : 3,t1 -9), its elongation product, which are incorporated into cell membranes. Similarly, a specific deficit of 22:6,n-3 is met with enhanced desaturation of 22:4,t1-6, leading to an increase in the amount of 22 : 5,ti -6. Assumedly, the Mead acid attcmpts to replace the loss of polyunsaturation due to the loss of arachidonic acid and the docosapentaenoic acid ( 2 2 : S , t i -6 ) similarly acts as a substitute for docosahexacnoic acid ( 2 2 : 6 , t i -3). Under usual circumstances, the proportion of 22 : '!, t i -6 is greater than 22:5,11 -6 in liver, muscle, brain or aortic phosphoglycerides. Deficits of arachidonic and docosahexaenoic acids lead to a rise in the t/t and 5/4 ratios in membrane phosphoglycerides.
Is rhe ferul detiiutirl for aruchidotiic w i d utid cloc~o.suheyuc~rioic ucid exceprioti ? The fetus preferentially uses 20-and 22-carbon-chain-length EFA [ 14. 2 , 231, so the remarkably high levels of these signals of EFA deficiency in the umbilical artery raises the question as to what extent these signals are a reflection of an EFA deficiency or an exceptional physiological demand by the fetus. However, 2-4% of the fatty acids occurred as the Mead acid and its elongation product and raised 5/4 ratios in babies of normal term and birth weights with no clinical or other evidence of any deficits. This suggests the interesting concept that the human fetus is usually operating at the limits of supply.
Corrthriotis wirh hirrh wight U I I~ hiwd circiitrferetice. The amounts of Mead acid were astonishingly high in the umbilical artery from the LBW babies (see Fig.  2 ). When the Pearson correlation coefficients were calculated the relationships of both signals with birth weight and head circumference were highly significant (Table 3) . This correlation implies that there was more than physiological demand at stake.
Placental weight and birth weight correlate with head circumference [ 201. This means that small placentae are associated with LBW.
The strategy in human reproduction is that the placenta grows well ahead of fetal growth which does not really get under way until about the 20th week after conception. If placental development is impoverished, the risk of a failure t o match nutrient supply with the fetal demand must follow. in which case the genetically determined growth rate could outstrip the supply. Is (he plucrniu rhe cleiermitiutlr offetulgrowth ? One explanation for fetal growth retardation is that the fetus was not growing for reasons related to its own biology as might be cnvisaged in a genetic defect. In this case, the delivery o f nutrients by the placenta would be more than needed and signs of deficiency such as expressed by the Mead acid would
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not be expected. We therefore drew the conclusion that the high ratios were signals of EFA deficits in relation to fetal demand and which pertained during fetal growth. That is, the normal fetus is expressing a 'thirst' or demand for long-chain EFA which is substantially greater than is experienced in postnatal human experience. It is tempting to link this with the unique demand for human brain development. The elevated ratios and inverse correlations with birth weight and head circumference, suggest that in fetal growth retardation. the fetus is attempting t o obtain more polyenoic fatty acid than is being delivered.
The data of Ongari er ul.
[ 171 on prostacyclin further suggests an impoverished placental blood o r nutrient flow as a cause of fetal growth retardation. These considerations lead us to agree with the conclusions drawn by Winick [24] from a discussion of placental blood flow and pathology (infarction), that placental insufficiency is a major determinant of fetal growth retardation.
Further evidence for the role of the placenta was obtained by the fortuitous birth of twins of different birth weights, the data from which were especially interesting (Fig. 2) . The maternal nutrition and history was the same for both so the difference in size is most likely to he of placental origin, related to an unfavourable implantation site, or placental infarction and impaired nutrient flow to the fetus. That is, the fetus was attempting to grow at its genetically programmed rate but the placental factors resulting in failure of nutrient supply, precipitated its own EFA deficiency.
Birth weight utid tieirrologicul disrurhutices. Fetal growth retardation results in long-term deficits of cognitive capacity associated with small head circumferences at birth 1251. It is also known that the risk of neurological and other congenital abnormalities rises dramatically with falling birth weight (Table 4) [26, 27) . In a study of 81 1 613 births in East Germany the incidence was 1.6/1000 births in the 3500-4500 g range, rising to more than 200/1000 o f those born below 1000 g [26, 271. It is accepted that improvements in perinatal care have significantly reduced mortality and morbidity in premature and LBW infants. Survival has improved for very LBW ( < 1500 g) babies but the prevalance of neurodevelopmental handicap has remained static. On current data from eight studies published in the 1 9Ws, some 20-30% of surviving extremely LBW infants ( < 1000 g) have a major neurodcvclopmental handicap 1291. It is also general experience that more than one congenital abnormality may occur in the same individual.
The relevance of LBW t o handicap lies in the fact that the cells of the brain divide very early and some 70% of the maximum number have divided before birth. There is much experimental and observational evidence to suggest that 
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*From 8 I I 6 I3 births in East Germany [ 27) .
-!From 21 054 hirthsin Franccl311.
retardation o f fetal growth is associated with deficits and distortions o f brain cell division and functional development which in gencral cannot be made good later 120 I.
I'otetititil rliugtiostic rvrhre cf the iitnhilicul urtery. We found the strongest correlations between birth weight, head circumference and the signals of EFA deficits in the ethanolamine phosphoglycerides. The ethanolamine phosphoglycerides arc inner membrane lipids and their composition must reflect the nature o f the fatty acids available to, and hence the EFA status of. the individual fetus during the period o f growth. There is n o evidence at this stage to say that the fctal tissues will or will not be similar t o those of the umbilical artery. However, a recent study of the fatty acid composition of the umbilical artery and vein 130) of normal birth weight babies recorded 2.0% Mead acid in the artery compared with O.S% in the vein, implying that the origin of the Mead acid was essentially fetal. The presence of the exaggerated t/t and 5/4 ratios in an individual artery are therefore statements about the biochemical history of the individual fetus. These indices may therefore have a diagnostic value as a measure of the nutritional status of an individual fetus during its growth.
The fatty acids involved in these indices are specifically those used for neural tissue growth. Hence this diagnostic tool has a potential. which needs now to be tested, for assessing risk of neural deficits o r damage in high risk groups such as the LBW and premature infants. Used in collaboration with follow-up studies on physiological assessments of neural and cognitivc progress, it should be possible to establish if deficits in the supply of neural fatty acids prejudice brain development and function.
As the data on the twins illustrate, this method would provide information on fetal status whether it was effected by maternal, placental function or both. From the animal evidence, it is plausible that the signals of neural fatty acid deficits could be associated with deficits of brain development or predictive of risk to subsequcnt loss of integrity in the neural, cerbrovascular or retino-vascular systems. It is possible that the use of this technique could a t in the early detection of neural deficits o r damage and could be of value in the management of high risk neonates.
